Despite systematic approaches to mapping networks of genetic interactions in Saccharomyces cerevisiae, exploration of genetic interactions on a genome-wide scale has been limited. The S. cerevisiae haploid genome has 110 regions that are longer than 10 kb but harbor only non-essential genes. Here, we attempted to delete these regions by PCR-mediated chromosomal deletion technology (PCD), which enables chromosomal segments to be deleted by a one-step transformation. Thirty-three of the 110 regions could be deleted, but the remaining 77 regions could not. To determine whether the 77 undeletable regions are essential, we successfully converted 67 of them to mini-chromosomes marked with URA3 using PCR-mediated chromosome splitting technology and conducted a mitotic loss assay of the minichromosomes. Fifty-six of the 67 regions were found to be essential for cell growth, and 49 of these carried co-lethal gene pair(s) that were not previously been detected by synthetic genetic array analysis. This result implies that regions harboring only nonessential genes contain unidentified synthetic lethal combinations at an unexpectedly high frequency, revealing a novel landscape of genetic interactions in the S. cerevisiae genome. Furthermore, this study indicates that segmental deletion might be exploited for not only revealing genome function but also breeding stress-tolerant strains.
INTRODUCTION
Despite systematic approaches to identifying networks of genetic interactions in Saccharomyces cerevisiae, mapping a complete genetic interaction network as a source both for discovering novel genes and pathways, and for predicting analogous networks in more complex systems is an ongoing problem in yeast systems biology. The gene deletion project has identified ∼5100 genes as non-essential for cell viability (1) . Inactivation of each of the 5100 non-essential genes in the genome of S. cerevisiae has little discernible effect under laboratory conditions, indicating the functional robustness of the cell, which may arise from multiple redundancies (1) . However, the inactivation of some non-essential genes in specific combinations has a lethal effect under exactly the same conditions (2, 3) ; this makes the yeast genome resistant to engineering and could be problematic from the viewpoint of breeding new strains. Industrially preferable phenotypes, such as stress resistance during ethanol production, are controlled by multiple genes (4); as a result, the manipulation of a single gene is not sufficient for either strain breeding or functional characterization of the yeast genome. On the other hand, there are ∼6200 predicted genes, of which the function of nearly 1000 remains elusive (5) . Thus, combining different mutations can give insight into gene function.
Synthetic genetic interactions are usually identified when a second site mutation or an increase in gene dosage suppresses or enhances the original mutant phenotype. Genetic interactions can be negative (more exaggerated) or positive (less exaggerated) in terms of phenotype with respect to the expected double mutant phenotype (6) . Synthetic lethality represents an extreme example of a negative interaction where two mutations, each causing little to no fitness defect on their own, result in a lethal double-mutant phenotype (7) . Systematic mapping of synthetic lethal genetic interactions was first facilitated by the development of an automated approach called 'synthetic genetic array' (SGA) analysis (8, 9) . SGA analysis facilitates the systematic construction of double disruptants as meiotic segregants by mat-Nucleic Acids Research, 2014, Vol. 42, No. 15 9839 ing followed by sporulation, allowing large-scale mapping of synthetic genetic interactions (9, 10) .
Theoretically, pair-wise combinations of the ∼5100 nonessential genes in the yeast genome would generate ∼12.5 million double disruptants. In the first SGA screen using eight query genes, however, 291 synthetic lethal/sick interactions were identified among 204 genes (8) . Three years later (9) , the search was expanded to 132 query genes and 4000 synthetic lethal/sick interactions were identified among 1000 genes. In a recent large-scale endeavor, ∼5.4 million gene-gene pairs covering roughly 30% of the S. cerevisiae genome were examined to reveal ∼100 000 negative genetic interactions and to provide the first overall view of the genetic landscape of a cell (10) .
The global set of quantitative negative genetic interactions included both synthetic lethal and synthetic sick (slow-growing) phenotypes. However, the number of the most extreme synthetic lethal phenotypes was ∼10 000 (10), which is roughly 10-fold higher than the number of essential yeast genes. Therefore, the results of SGA analysis in these genome-wide studies indicate that ∼0.2% (10 000/5 400 000) of gene combinations are synthetic lethal for the growth of S. cerevisiae. By contrast, it has been predicted that the complete genetic network of S. cerevisiae contains over 200 000 synthetic lethal combinations, which is ∼200-fold higher than the number of essential yeast genes (11) .
Because in SGA analysis double mutants are created by meiotic recombination, the construction of a double disruptant is not possible if the two genes to be disrupted in the parental strains are tightly linked on the same chromosome. Consequently, double mutants involving linked genepairs tend to form smaller colonies, which are likely to be removed from genetic network analysis to prevent their misinterpretation as negative genetic interactions (10, 12) because these combinations do not represent synthetic lethality. As a result, the functional relationship between linked gene-pairs remains largely unknown. In addition, the genetic interactions estimator criterion (S-score) of the SGA method does not explicitly measure single or double mutant fitness, which is critical for a detailed interpretation of genetic interactions (12) . Furthermore, in SGA, genetic interaction screens are susceptible to systematic experimental effects such as differences in growth conditions from one array plate to the next, as well as subtle differences in local nutrient availability within the same plate that introduce noise in colony size measurements. Taking these facts into account, the proportion of false-negative interactions (true interactions that are not identified by detailed analysis) has been estimated to be ∼17-41% for a single SGA screen (9) .
For all of the above-mentioned reasons, systematic screens of synthetic genetic interactions in yeast have failed to detect an enormous number of possible gene combinations, and complete mapping of synthetic lethal interactions remains some way off. The SGA method was devised to elucidate the complete global network structure of the S. cerevisiae genome, but it has been shown to be both timeconsuming and costly, which in practice has subsequently limited its potential ability to provide a complete global synthetic lethal network.
Thus, one of the most important challenges in the postgenomic era is to create a more efficient approach to resolve the second aspect of the interaction map. To achieve this, we have used genome engineering technologies called PCD (PCR-mediated one-step chromosome deletion) and PCS (PCR-mediated chromosome splitting) (13) (14) (15) (16) (17) . To facilitate an investigation of the lethal interactions of linked gene-pairs that escape detection by the SGA method and in order to provide a complete genetic interaction map of S. cerevisiae, in the present study, we focused our attention on the most extreme form of genetic interaction (synthetic lethality), where a double deletion mutant shows a no-growth phenotype that is not exhibited by either single deletion mutant. To do so, we perform the genomewide mapping of the essential regions which conceive hidden lethal combinations between non-essential genes in S. cerevisiae genome by using PCD and PCS technologies. To this end, we first performed genome-wide mapping to identify large regions of non-essential genes flanked by essential genes in the S. cerevisiae genome. In total, 110 regions harboring only non-essential genes were mapped by surveying the Saccharomyces Genome Database (SGD) (http: //www.yeastgenome.org/). These 110 regions were then subjected to deletion by using the PCD method, which surprisingly showed that 77 of them could not be deleted by PCD. Subsequently, 67 of the 77 regions were further verified for essentiality by converting each of them to artificial minichromosomes by PCS. Forty-nine of the 67 regions were identified to be indeed essential for cell growth. These findings suggest that the combined strategy of PCD and PCS is a unique approach to discover hidden synthetic lethal combinations of linked gene-pairs that are functionally informative and can provide additional insights into the functional organization of the yeast genome.
MATERIALS AND METHODS

Strains, plasmids, media and transformation
The yeast strains and all the plasmids used in this study are described in Table 1 . S. cerevisiae strain BY4742 (MATα his3Δ1 leu2Δ0 lys2Δ0 ura3Δ0) was used as the parental strain for the systematic genome-wide functional analysis. BY4741 (MATa his3Δ1 leu2Δ0 met15Δ0 ura3Δ0) was used to make diploid cells. A collection of haploid strains in a MATα background carrying deletions in non-essential genes were used for phenotypic analyses (Invitrogen TM , Carlsbad, CA, USA). Plasmid construction of p3009, p3121, p3122 and p3276 has been described previously (13, 14) . To generate the plasmid p3406, the 1-kb gene CEN4 was amplified with primer pairs CEN-f/CEN-r (Supplementary Table S2 ) and inserted next to the URA3 marker in plasmid p3276. Plasmid DNA was isolated from Escherichia coli according to the alkaline method (18) .
Yeast strains were grown at 30
• C in Yeast extract-Bacto peptone-Dextrose-Adenine (YPDA) medium containing 5% Difco Yeast extract-Bacto-peptone-Dextrose (YPD) broth supplemented with 0.004% of adenine (Wako), or selective media containing 0.67% yeast nitrogen base without amino acids (Difco) + 2% glucose (Wako). Synthetic complete glucose (SC) medium has been described (19) . The amino-acid supplement powder mixture (drop-out mixture; DO) for making SC medium contained all possible supplements except leucine, histidine and uracil. 1.5 g of the DO (14) powder mixture was used per liter of medium. When necessary for selection, leucine, histidine and uracil were omitted from the SC medium. 5-Fluoroorotic acid (5-FOA) was used to select strains containing the URA3 gene. URA3 encodes orotidine 5-phosphate decarboxylase, which can convert 5-FOA to 5-fluorouracil, which causes cell death; as a result, it is possible to determine whether a strain contains the URA3 gene based on cell viability (20) . For solid media, 2% agar (Wako) was also added. Transformation of yeast cells was carried out according to Gietz and Schiestl (21) . BY4742 was transformed with a pair of fragments (called a module) consisting of CEN4-loxP-CgLEU2-loxP and loxP-CgHIS3-loxP cassettes flanked by two sequences, namely, the target sequence (∼400 bp) and six copies of a 5 -CCCCAA-3 repeat sequence, 5 -(C 4 A2) 6 -3 , which can act as an artificial telomere. For each region, two pairs of primers (p1 and p2 for the left target and p3 and p4 for the right target) were designed using the SGD and used to amplify DNA segments flanking the region to be deleted by PCR using chromosomal DNA of the host strain (BY4742) as a template (14) . For chromosome deletion or splitting, ∼5 g of each PCR fragment was used in transformations. Deletion fragments were constructed by a two-step PCR with overlap extension as described previously (14) .
Oligonucleotides, PCR and preparation of DNA fragments for PCD and PCS
Complete lists of the oligonucleotide primers used for segmental deletion, detection of the segmental deletion, minichromosome construction and mini-chromosome detection in this study are given in Supplementary Tables S1-S3, respectively. SGD (http://yeastgenome.org/) was used to select target regions for deletion, to identify the deletion and splitting points, and to design the oligonucleotides. As previously described, two DNA fragments generated by a twostep PCR are necessary for each deletion or splitting event in both PCS (13) and PCD (14) . Briefly, in the first round of PCR, loxP and CA primers were used to amplify a DNA fragment containing the 5 -(C 4 A 2 ) 6 -3 telomere seed sequence and CgHIS3 marker from plasmid p3009; the 5 -(C 4 A 2 ) 6 -3 telomere seed sequence, CgLEU2 marker and CEN4 from plasmid p3122 for the PCD method; the 5 -(C 4 A 2 ) 6 -3 telomere seed sequence and CgURA3 marker from plasmid p3276; the 5 -(C 4 A 2 ) 6 -3 telomere seed sequence and CEN4 from p3121; and the 5 -(C 4 A 2 ) 6 -3 telomere seed sequence and CgHIS3 marker from p3009 for the PCS method. The PCR reaction was prepared in a final volume of 50 l containing ∼50 ng of plasmid DNA and was performed as follows: 94
• C for 5 min; followed by 35 cycles at 94
• C for 30 s, 55
• C for 30 s, 72
• C for 3 min; and a final extension step at 72
• C for 7 min. In parallel, 400 bp of upstream sequences and downstream sequences of the target region were amplified from the genomic DNA of strain BY4742. The PCR reaction mixture was prepared in a final volume of 50 l containing ∼50 ng of genomic DNA and was performed as follows: 94
• C for 30 s; and a final extension step at 72
• C for 7 min. PCR products were gel-purified by using the Wizard SV Gel and PCR Clean-up System (Promega). DNA concentration was measured by using a Nanodrop 1000 spectrophotometer (Thermo Scientific). In the second-round PCR, used to overlap the two first PCR fragments, each target fragment was independently mixed with a fragment from the plasmid template, and then subjected to overlap extension PCR using the appropriate primers. The PCR reaction was carried out in a final volume of 100 l, containing an equal amount of PCR product from the plasmid and genomic DNA, 1 l of Ex Taq DNA Polymerase, 10 l of each 10 M primer and 10 l of dNTP mixture, as follows: 94
• C for 7 min; and a final extension step at 72
• C for 7 min. All PCR amplifications were carried out on Gene Amp PCR System 9700 (Applied Biosystems). The PCR products were ethanol-precipitated and subsequently used to transform the yeast cells.
Pulsed-field gel electrophoresis and Southern hybridization
Chromosomal DNA from S. cerevisiae cultured in YPDA medium was prepared as agarose plugs according to Sheehan and Weiss (22) . The DNA plugs were inserted into slots in a 1% pulsed-field agarose gel (Bio-Rad). The chromosomes were separated by electrophoresis using the CHEF MAPPER System (Bio-Rad Laboratories) in 0.5× TBE (Tris-borate-EDTA) buffer at 14
• C and 6 V/cm using a 60-s pulse for 15 h, followed by a 90-s pulse for 9 h. After staining with ethidium bromide, the chromosomes were visualized and photographed under a UV trans-illuminator (UVP Bio Do-It Imaging System) and then transferred onto Hybond TM -N+ membranes (GE Healthcare, BuckNucleic Acids Research, 2014, Vol. 42, No. 15 9841 inghamshire, UK) by capillary blotting. The membranes were hybridized with probes generated by PCR using primers listed in Supplementary Table S3 . Probe labeling, hybridization and hybridization signal detection were carried out by using an ECL Direct TM nucleic acid labeling and detection system (GE Healthcare).
Phenotypic assay
Yeast cells were pre-cultured overnight in selective medium supplemented with appropriate amino acids at 30
• C. The cultures were then inoculated into fresh selective medium and incubated at 30
• C for another 6 h. After that, the cells were collected, washed once with sterile water, and resuspended in sterile water. The concentration of cells was measured at OD 660 nm . Then, the cell density was normalized to a concentration of 2.5 x 10 8 cells/ml. A ten-fold serial dilutions of this suspension was made, and 4l of each dilution was spotted onto appropriate plates under different conditions including YPDA medium at 13, 30 and 41
• C; or YDPA medium supplemented with 4, 5 and 6% lactic acid, 4, 6 and 8% ethanol and sulfuric acid (pH 2.5, pH 2.4 and pH 2.3). Cell growth was also measured on YPDA supplemented with 0.02% Sodium dodecyl sulfate (SDS), 80 mM acetic acid, 36 mM formic acid, 1.8 M NaCl, 150 mM CaCl 2 , 10 mM furfural and 2.0 M sorbitol. Growth differences were determined after 4 days of incubation. Experiments were carried out in triplicate.
RESULTS
Mapping of regions containing non-essential genes in the S. cerevisiae genome
First, we looked for large regions that contain only nonessential genes surrounded by essential genes along all 16 yeast chromosomes. By surveying SGD (http://www. yeastgenome.org/), we determined the location of all essential genes across the whole genome, and reasoned that theoretically it would be possible to delete regions located on the centromeric or telomeric sides of these genes. To avoid the possibility that the flanking essential genes might alter the efficiency of deletion, the position of the split points of the region to be deleted were designed to be at least 1 kb from the flanking essential genes. The region of the rDNA cluster on chromosome XII, and regions harboring known lethal combination(s) identified by SGA analysis (9,10) were not included in either the first or the second screening of the present study.
To present the results in a comprehensive way, we included 1 confirmed essential region (13) and 14 confirmed non-essential regions (13, 14, 17, 23) in the genome-wide mapping and screening. We also included three regions that were confirmed to be deletable during a prior pilot study. Karyotype analysis and phenotypic characteristics of these 18 derivatives are not shown here. Across the whole S. cerevisiae genome, 110 regions varying in content from 9 non-essential genes in the smallest region to 47 nonessential genes in the largest region and an average of 20 non-essential genes were identified ( Figure 1 and Table 2 ). 
Systematic screen for deletable and undeletable regions by PCD
To systematically identify which regions could be deleted and which could not, each of the 110 regions was subjected to one-step deletion by the PCD method (14) . Transformants containing the deletion module were selected as Leu + His + colonies. The number of transformants obtained for each region is shown in Table 2 . For each successful transformation, at least 20 transformants were subjected to karyotype analysis by Pulsed-Field Gel Electrophoresis (PFGE), followed by Southern hybridization. Because chromosomal deletion is accompanied by integration of the deletion module, the length of the split chromosomes generated is increased by the length of the loxP-CgHIS3-loxP (1.8 kb) and CEN4-loxP-CgLEU2-loxP (2.9 kb) cassettes that are integrated in place of the deleted region. Terminal regions were deleted by a module carrying a CgHIS3 marker.
We found that 33 (blue boxes in Figure 1 ) of the 110 regions harboring only non-essential genes could be deleted ( Figure 1 and Table 2 ). Example results of the karyotype analysis of some transformants are shown in Figure 2 Figure 2B shows that the hybridization signal of all probes designed to hybridize with the deleted regions were detected, as expected, for the respective 813-, 316-, Figure 1 ) could not be deleted by PCD ( Figure 1 and Table 2 ).
Verification of essential regions harboring only non-essential genes by PCS
As described above, screening of the 110 regions by PCD identified 77 regions (red boxes in Figure 1 ) as undeletable (Table 3) . To confirm whether these undeletable regions are in fact essential, we used the PCS method (13) . PCS is a technology that can split a chromosome at any desired site. We converted 67 of the 77 potentially undeletable regions to mini-chromosomes marked with a URA3 gene by using PCS to split the chromosome at the left-and right-hand side of each region. Briefly, two modules consisting of the 400-bp upstream and downstream sequence of the target point, a CEN4/URA3 selective marker and six copies of the 5 -CCCCAA-3 repeat sequence were prepared by PCR and introduced into cells by transformation. The target point then is thought to undergo homologous recombination at the right-hand end of the region to be deleted, resulting in splitting of the natural chromosome into two smaller chromosomes. Subsequently, a second splitting is conducted in a similar way at the left-hand end of the region. If splitting occurs at the correct site, a URA3-marked mini-chromosome of each region is created ( Figure 3A) . Figure 3B shows representative data from PFGE and Southern analysis demonstrating the expected generation of a mini-chromosome in strains generated to harbor a mini-chromosome of the 43-kb internal region of chromosome III, 30-kb internal region of chromosome IV, 39-kb internal region of chromosome X, 22-kb internal region of chromosome XV, 44-kb internal region of chromosome XV and 38-kb internal region of chromosome XVI. Next, the essentiality of these regions was examined by using diploids constructed by crossing each of these strains with a wild-type strain (ura3) with no split chromosomes on 5-FOA selection medium on which only Ura − clones can grow (20) . In brief, haploid strains harboring the URA3-marked mini-chromosome, called 'H-mini', were mated with wild-type strain BY4741 to produce a resultant diploid, called D-mini. Cells of the haploid parental strain (BY4742), H-mini, and D-mini were then spotted on YPDA, SC-Ura and 5-FOA selection medium and observed for growth (Figure 4) . 5-FOA is toxic to yeast cells that can synthesize the enzyme orotidine-5 -phosphate decarboxylase encoded by URA3; as a result, Ura + cells die when plated on 5-FOA-containing media, whereas ura3 cells survive. Thus, if the lost chromosomal region in uracil auxotroph strains (H-mini) is non-essential, the H-mini strain will grow on medium containing 5-FOA, whereas it will not grow on 5-FOA selection medium if the lost region is essential. By contrast, a D-mini strain harboring a mini-chromosome comprising an essential region is expected to grow on 5-FOA selection medium even if the minichromosome marked with URA3 is lost, owing to the presence of an intact chromosome from the wild-type parent (Figure 4) .
We found that strains harboring mini-chromosomes of regions Chr 1-2, Chr 2-2, Chr 2-4, Chr 2-6, Chr 2-7, Chr 3- (Table 3) , we used 5-FOA selection medium to select for loss of the URA3-containing mini-chromosome corresponding to each of these regions.
Because 49 of the 77 undeletable regions identified by PCD were not found to carry a pair of genes previously shown to cause a synthetic lethal phenotype in double knockout screens during SGA analysis (9,10), the present results strongly suggest that these undeletable regions contain unidentified synthetic lethal combinations of two or more non-essential genes. Overall, these findings indicate that most of the essential regions discovered in this study contain lethal interactions of linked gene-pairs. These linked gene-pairs are biologically informative and their identification will contribute towards comprehensive coverage of all double mutant combinations in yeast.
Characterization of strains lacking deletable regions
Among the 44 deletable regions (33 identified by PCD and 11 identified by PCS), phenotypic information for 17 regions could be derived from previous studies (13, 14, 17, 23) . To evaluate the consequences of deleting the non-essential chromosomal regions on cell growth, 27 deletion strains, each containing one of the remaining deletable regions, i.e. Sc (Chr 1-1 , were constructed for the first time subjected to phenotypic analysis. Different culture conditions were used for phenotypic analysis including YPDA (incubated at 13, 30 and 41
• C) and YPDA supplemented with 4, 6 and 8% ethanol, 4, 5 and 6% lactic acid, sulfuric acid (pH 2.5, pH 2.4 and pH 2.3), 0.02% SDS, 80 mM acetic acid, 36 mM formic acid, 1.8 M NaCl, 150 mM CaCl 2 , 10 mM furfural and 2.0 M sorbitol. In addition, to investigate the effect of deleting the non-essential chromosomal region on cell growth in liquid culture, deletion strains were observed to grow on YPDA broth (Figure 6) .
Some of the strains displayed a sensitive or resistant phenotype under the stressful environment ( Figure 5A , B and C Figure  5B ) and a sulfuric acid-sensitive phenotype (all strains except for Sc (Chr 1-1) , Sc (Chr 6-1) and Sc (Chr 7-4)) ( Figure 5B ). We did not find strains that were resistant to the ethanol or the sulfuric acid. Based on information in the SGD, neither of the regions deleted in the high- temperature-resistant strains, Sc (Chr 4-10) and Sc (Chr 4-11), contains the genes whose single deletion is known to cause high-temperature resistance; instead, each region contain a gene (FPR2 and STL1, respectively) whose single deletion cause heat sensitivity. This result suggests that the deletion of either of these genes in combination with another in the respective chromosomal regions caused the observed tolerant phenotype of those strains. We found that all regions deleted in the ethanol-sensitive strains, Sc (Chr 5-1), Sc (Chr 9-4), Sc (Chr 9-6), Sc (Chr 10-4), Sc (Chr 11-1), Sc (Chr 13-1) and Sc (Chr , contain the genes, (CIN8, GVP36 and TED1, YVH1, RAV1, URA1 and SAC1, PIF1 and TDA6 and KRE6, respectively), whose single deletion cause ethanol sensitivity (SGD)(http://www. yeastgenome.org/). Therefore, observed sensitive phenotypes due to deletion of those regions might be conferred by deletion of respective genes. Lack of resistance to ethanol in deletion strains implies that neither of deleted regions nor genes have important role in conferring ethanol-tolerance phenotype.
We also found that strains Sc (Chr 1-1), Sc (Chr 5-1), Sc (Chr 9-1), Sc (Chr 9-4), Sc (Chr 9-5), Sc (Chr tant phenotype that Sc (Chr 4-1) displays may be due to the deletion of LRG1 in this region. Many of the regions deleted in the sulfuric acid-sensitive strains do not have a gene whose single deletion cause sulfuric acid-sensitivity (http://www.yeastgenome.org/). Therefore, observed sensitive phenotypes suggest two possibilities. First is that particular combinations of genes present in those regions are important for sulfuric acid stress sensitivity. Second is that adaptation to sulfuric acid stress condition requires a complex organization of genetic network beyond those regions and modulation of sulfuric acid related pathways is partially collapsed in deletion strains, which could drastically affect the adaptation. In addition, absence of deletion strains showing tolerant phenotype to sulfuric acid suggests that none of genes in deleted regions are involved in mechanisms underlying sulfuric acid stress tolerance. Notably, the region deleted in Sc (Chr 16-9) does not contain any genes whose single deletion causes lactic acid tolerance. We found that strains Sc (Chr 7-3), Sc (Chr 9-4), Sc (Chr 9-6) and Sc (Chr 10-4) are susceptible to grow on YPDA broth compared to the wild-type ( Figure 6 ). Because in both YPDA agar and broth at 30
• C many of the deletion strains exhibited parent-like phenotype, this observation suggests that gene of deleted regions in those strains are not involved in molecular mechanism underlying cell growth in both media ( Figures 5A and 6 ). Our result also suggests that genes deleted in strains Sc (Chr 9-6) and Sc (Chr 10-4) are important for yeast cell to be viable at normal condition of 
DISCUSSION
Our data have revealed that there are many unexplored lethal combinations into the genome of S. cerevisiae. Because the efficiency of double mutant formation is often reduced for gene-pairs that are located in close proximity on the same chromosome, these lethal interactions among nonessential genes were not previously detected by SGA analysis, which is the standard approach for the global analysis of synthetic lethal genetic interactions (8) (9) (10) . We found that 56 of the 110 regions investigated were essential, even though they harbor only non-essential genes. Furthermore, 49 out of the 56 (87.5%) regions did not carry any of the co-lethal gene pair(s) previously identified by SGA analysis. This result implies that regions found to harbor only non-essential genes by single knockout experiments in fact contain unidentified synthetic lethal combinations at unexpectedly high frequency.
A recent large-scale genetic interaction mapping study on S. cerevisiae (10) has revealed that, among 5.4 million gene-pairs tested so far, ∼10 000 (0.2%) cause a synthetic lethal phenotype. Therefore, probability of a gene-pair being a non-synthetic lethal combination, P(non-SL), would be 0.998, i.e. [P(non-SL) = 1 -P(SL) = 1 -0.002 = 0.998]. Given a region consisting of 20 non-essential genes (the average number of non-essential genes in the 110 regions), the number of possible gene-pair combinations among those genes would be (20 × 20/2 = 200). Thus, under assumption that all combinations are equally likely to occur, the probability (defined as non-SL no. of combinations ) of obtaining a successful deletion of this region would be (0.998) 200 = 0.67. On the basis of these calculations, the expected number of deletable regions among 110 regions harboring only nonessential genes would be 110 × 0.67 = 74 regions, and correspondingly the expected number of undeletable regions would be 110 -74 = 36 (33%). However, the present findings showed that 56 out of 100 regions (56%) were undeletable. This result predicts that regions that harbor only non-essential genes according to single knockout experiments contain unidentified synthetic lethal combinations at a significantly high frequency; moreover, it emphasizes the need to validate screens for synthetic lethal interactions by novel genome engineering technologies, such as those used in this study, in addition to SGA methods.
The high frequency of unidentified synthetic lethal combinations observed in the present study (i.e. 87.5% of the undeletable regions) is consistent with the view of previous studies (9, 10) that the number of real synthetic lethal gene-pairs across the complete network is likely to be much higher than the number observed so far. In theory, to test all possible pair-wise combinations of the ∼5000 nonessential genes in the yeast genome would require the construction of ∼12.5 million double disruptants (10) . In a double-knockout test, however, only 3% of the theoretical combinations (170 000 interactions among 5 400 000 genepairs) were achieved using SGA analysis (10) . In addition, by extrapolating the results of that study (10) for extreme synthetic lethal pairs (∼10 000 interactions among 5 400 000 gene-pairs), the number of synthetic lethal pairs across the complete network would be 25 000 pairs (12.5 million × 0.002). However, the quantitative estimate of synthetic lethality for the global network of non-essential genes is more than 100 000 among 12.5 million combinations (9, 10) . Because the formation of double mutants in SGA analysis depends on meiotic recombination, the construction of double disruptants is not possible if the two genes to be combined are tightly linked on the same chromosome. Thus, numerous linked gene-pairs throughout the genome form small colonies of double mutants that have been overlooked in analysis to prevent them from being mistaken for true negative genetic interactions. Although the incomplete network of 10 000 lethal interactions has so far provided valuable insight into the general principles of network connectivity, the results of the present study indicate that the application of a more sensitive method for detecting genetic interactions would have a significant impact on increasing the network size toward the estimated number (100 000 combinations), and would provide a more explicit evolutionarilyconnected picture of essential interactions between nonessential genes.
None of the essential regions discovered for the first time in this study carries a pair of genes with lethal combinations revealed by SGA assay. Therefore, this result indicates that some regions, especially those containing many genes, may harbor lethal interactions among more than two genes. On the basis of our current results, we could not conclude which gene-pairs, gene-triplets or gene sets were responsible for the essentiality of the 49 identified regions; however, synthetic lethality often involves genes with overlapping functions. For example, we noted that genes FCY2, FCY21 and FCY22 belonging to the same gene family mediate the active transport of purines and cytosine, and these genes were simultaneously deleted from the region Chr 5-4. Because deletion mutants for all three genes must lead to defects in active transport of purine and cytosine, it is likely that simultaneous deletion of these genes caused the lethality. In another region (Chr 10-2), genes RPS22A, RPL39 and RPL17B encoding ribosomal subunit protein were deleted at once. Because lethal interaction between these three physically linked genes very likely failed to be detected from SGA screening on lethal interaction, simultaneous deletion of these three genes may be responsible for lethal phenotype observed for Sc (Chr 10-2). If we continue to narrow down these regions, we should be able to pinpoint shorter chromosomal segments including the essential gene sets. Accordingly, from such regions, we may reveal how and in what way essentiality is extended all over the genome. In addition to possible lethal interaction of gene pairs, deletion of genes encoding non-coding RNAs and other non-coding elements such as tRNAs, tmRNAs, snoRNAs and miRNAs could be responsible for the essentiality to the 49 essential regions as well. For instance, essential regions harbored in the strains Sc (Chr 6-2) and Sc (Chr 8-4), were found to contain non-coding RNAs (RUF22, RUF5-1 and RUF5-2, respectively) (http://www.yeastgenome.org/). Although the function of these non-coding RNAs is unknown, there is a possibility that the essentiality of those regions is caused by possible essential function of non-coding RNA genes, individually or in combination.
We found that, in many mutant strains, the deleted regions do not play an important role in cell viability under the stress-free and stressful conditions tested because those strains exhibited parent-like phenotypes. Among 44 constructed mutant strains, however, strains Sc (Chr 4-10) and Sc (Chr 4-11) and strains Sc (Chr 3-1), Sc (Chr 4-1) and Sc (Chr 16-9) displayed more a tolerant phenotype than the parent strain under, respectively, heat and lactic acid stress conditions ( Figure 5A and B and Supplementary Table S4 ). On the basis of a recent study that used fitness profiling on synthetic complete medium (25) , strain Sc (Chr 16-9) harbors six haplo-insufficient (AQY1, HPA2, YPR195C, YPR196W, YPR197C and ARR1) genes that cause slower growth rate of the diploid, and one haploproficient (ARR3) gene that causes faster growth rate of the diploid. Thus, we propose that deletion of these haploinsufficient and haplo-proficient genes simultaneously in a haploid background might give the observed tolerant phenotype. This can be explained in terms of the dosage of these seven genes in both backgrounds. Having a single copy of the genes can be easily tolerated in the diploid because robustness in the gene network is better in the diploid than in the haploid background, and the consequence of a single change in gene dosage (i.e. one copy of the gene in the diploid state) would be to increase or decrease the fitness. In the haploid background, however, deleting a gene, especially in a cluster form, clearly collapses the genetic network, which is usually detrimental. The tolerant phenotype that was observed might be a type of drastic response to the segmental deletion of the chromosome in the haploid background ( Figure 5B and Table 4 ). It is predicted that under conditions of stress, the cell might rely on very different genetic pathways to promote viability, and may rewire its biological networks to deal with the altered conditions. Thus, the stress resistant or sensitive phenotypes might be conferred by synergistic effects of the deletion of two or more genes in a genetic network that operates across the genes normally present in those deleted regions. Another possibility is that, because segmental deletion might lead to an imbalance in gene expression, the altered phenotypes of the deletion strains might result from a change in gene expression induced by the deletion of multiple genes. Finally, because transcription of genes located near telomeres might be repressed in the deletion mutants' strains (26) , observed phenotypes by those strains could somewhat be explained by gene silencing effect by artificially added telomere. Although the phenotypic consequences of segmental deletion might generally be detrimental, the results of the present study suggest that this type of deletion occasionally confers a growth advantage on S. cerevisae, which can apparently be explained by the change in copy number of many genes at once. Altogether, these observations indicate that segmental chromosomal deletion may be a powerful approach not only for better understanding of genome function but also for obtaining knowledge for breeding.
